The topography of a thermally grown oxide film at the right-angled convex corner of silicon is investigated. Numerical simulations and atomic force microscopy are used to examine the top oxide surface as well as the oxide-silicon interface in the vicinity of the convex corner of silicon oxidized under different conditions. Our results show that under certain conditions the top surface of the grown oxide is not flat, but has nanoscale protrusions close to the convex corner. The effects of oxidation parameters (i.e., temperature, duration) and high-temperature annealing on the flatness of oxide surface are presented. Thermal oxidation of silicon is an indispensable and widely used process in the microfabrication of semiconductor devices. Thermally grown oxide films form an excellent interface with silicon surfaces, can easily be patterned and have ideal electrical and mechanical properties. As a result, these films are commonly used as masks, sacrificial layers or insulating layers in the semiconductor industry.
Thermal oxidation of silicon is an indispensable and widely used process in the microfabrication of semiconductor devices. Thermally grown oxide films form an excellent interface with silicon surfaces, can easily be patterned and have ideal electrical and mechanical properties. As a result, these films are commonly used as masks, sacrificial layers or insulating layers in the semiconductor industry.
As device sizes continue to shrink and their geometries become more intricate, thermal oxidation of nonplanar silicon structures becomes increasingly important. Studies on nonplanar oxidation of silicon show that the oxide growth rate at highly curved regions (e.g., sharp corners) is lower than at a planar silicon surface under identical conditions. [1] [2] [3] [4] This reduction is attributed to changes in the oxygen diffusion rate and oxidation reaction rate at the interface due to the stress buildup in high curvature areas as a result of volume expansion during oxide formation. The effect of stress buildup is even more pronounced below the oxide glass transition temperature since the stress in the oxide film cannot be relaxed by viscous flow. [5] [6] [7] This nonuniform oxidation effect has been utilized to create atomically sharp tips used in applications such as atomic force microscopy and vacuum microelectronics. [8] [9] [10] Nonuniform oxidation at right-angled convex corners of silicon are of particular interest since these are one of the most common geometries on silicon surfaces patterned by dry etching. Previous work on nonuniform oxidation of convex corners focuses mainly on the thinning of oxide films near corners or on the rounding/sharpening of convex corners due to their impact on device performance (e.g., subthreshold parasitic current, breakdown voltage). 11, 12 The effect of nonuniform oxidation on the topography of the top oxide surface is another aspect of practical interest not only for device performance but also for 3D integration and MEMS fabrication processes that involve direct wafer bonding. 13, 14 In this paper, we investigate the topography of an oxide film thermally grown at a right-angled convex corner of silicon by using computer simulations and atomic force microscopy. We observe that under certain conditions the top oxide surface is not flat, but has nanoscale protrusions close to the convex corner. We investigate the effects of oxidation parameters such as temperature and duration on the extent of the protrusion. Finally, the effect of high-temperature annealing on the oxide film topography at a convex corner is examined. Our results show that the topography variations in an oxide film can be minimized by appropriate choice of oxidation parameters and subsequent annealing at higher temperatures.
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Simulation
We use the commercially available process simulator TSUPREM-IV 15 to model the thermal oxidation of the right-angled convex corner of silicon in a wet ambient. The tool is intended for simulating various microfabrication steps in two-dimensional device cross-sections, perpendicular to the surface of the silicon wafer. Various numerical models are included in the tool for thermal oxidation. We use the model VISCOELA, 15 which is based on the one described in detail by Senez et al. 16 This model fulfills all the main requirements for calculating the nanoscale topography variations of oxide films at right-angled convex corners of silicon:
First, the dependency of diffusion and reaction rate as a function of stress distribution is considered. The stress distribution due to volume expansion during oxidation; due to thermal mismatch between materials; due to intrinsic strain and due to surface tension is calculated.
Second, the rheological behavior of oxide is taken into account. This is important since we model over oxidation temperatures ranging from 800
• C to 1100
• C, i.e. both below and above the glass transition temperature (960
• C) of silicon dioxide. Up to 800
• C the oxide behaves as elastic solid. Above 1000
• C the oxide behaves as a viscous liquid. Between 800
• C and 1000
• C the oxide experiences both an elastic deformation and a steady flow process, i.e. a viscoelastic deformation. 17, 18 Third, it features adaptive gridding, which is essential for calculating accurate oxide shapes.
Calculating the protrusion height H (Fig. 1c) is challenging because of its small order of magnitude (several tens of nm, as shown below) compared to the required model size itself (several microns). The key is to choose the initial grid size accordingly. The initial grid for all simulations performed in this work is the result of several test runs with various mesh sizes. We only observe meshsize-independent results (i.e., with less than 1% variation) with an initial mesh size of not larger than 10 nm. However, TSUPREM-IV can only handle up to 40000 nodes. Therefore, we gradually coarsen the mesh at locations further away from the silicon-ambient interface, which results in a grid configuration as shown in Fig. 2a . Note that in this work we assume that the trenches are deep enough that the effect of the right-angled concave corner at the bottom of the structure can be neglected.
The output of the simulation tool for a given oxidation temperature and duration is an oxide film cross-section as shown in Fig. 2b . Even though, we intentionally present a case with a relatively large protrusion height H of approximately 30 nm extending over a distance L of about 7 μm, the topography variations on the top oxide surface are not apparent (region 1 in Fig. 2b ) when the figure is presented in a 1:1 aspect ratio. The well known rounding of the oxide film at the corner however is clearly visible (region 2 in Fig. 2b ). In total, we simulate oxidation at four different temperatures (800
• C, 900
• C, 1000
• C, and 1100
• C). The temperature-dependent fitting parameter (VC), 15 required in the model equation for calculating the oxide viscosity, is taken from Sutardja et al. 19 For each oxidation temperature, we simulate 30 different cases with oxide thicknesses ranging from 25 nm up to 3 μm. For each case, required oxidation duration is pre-calculated using the well-known Deal-Grove model 20 such that the grown oxide films are approximately identical in thickness at different oxidation temperatures. Then nodal coordinates at both the oxide-air and oxide-silicon interfaces are extracted. We plot these results using different scales in height and position axes to emphasize small topography variations, both in the top oxide surface and in the oxide-silicon interface. Postprocessing these coordinates allows us to extract the protrusion height H for all cases (oxidation temperature and thickness).
Experimental
We etch rectangular-shaped test structures (trenches) that are 60 μm-deep on a 100 silicon wafer using optical lithography and deep reactive ion etching (DRIE). Following an RCA clean, we grow oxide on the trenches in an oxidation furnace in a wet ambient at atmospheric pressure. Four samples with identical trench geometries are oxidized at different temperatures to grow oxide films with different thicknesses. Table I gives a list of oxidation parameters together with oxide film thickness measurements for these samples. The thicknesses of the grown oxide films are measured using both spectral reflectometry and ellipsometry.
To investigate the surface profiles of the grown oxide films, we use atomic force microscopy (AFM). 21 AFM can measure the topography of a sample with sub-angstrom height resolution and nanoscale spatial resolution over tens of micrometers. Because of these capabilities, AFM offers several advantages for our particular problem over the other techniques that have been previously used to examine oxide film profiles over similar geometries. For example, in studies using transmission electron microscopy (TEM) to image cross sections, vertical and lateral resolutions are coupled, and, therefore, high vertical resolution can only be obtained at high magnifications.
1 This is problematic for our specific purpose, since we are interested in observations of small topographical variations (on the order of nanometers) over relatively large distances (on the order of micrometers). Optical techniques on the other hand are limited by diffraction and lack the spatial resolution required for this study. Further, silicon oxide is transparent in visible light, and, therefore, it needs to be coated with a reflective film for measurement. This is not preferred because the non-uniformity of the coating would affect the topography under investigation. Thus, AFM is the best choice for investigating small scale topography variation in thermally-grown oxide films at right-angled convex corners of silicon.
We measure the topographies of all samples with a commercial AFM system (Agilent 5500) using identical imaging parameters under ambient conditions. The AFM is operated in tapping-mode to minimize the tip/sample damage. We image a 15-μm × 15-μm area of the top surface that includes the right-angled convex corners. The topography data is recorded as a 512 × 512 matrix leading to an approximately 30 nm spatial resolution.
In our AFM measurements, we pay special attention to choosing the scan orientation and direction. First, the slow-axis of the imaging is chosen parallel to the trench edge. This minimizes the effect of drift on the profile measurements and it is particularly important when imaging small topographical variations over large distances. Second, the scan direction is chosen such that the topography is only recorded as the tip scans the top surface of the trench towards the trench edge (Fig. 3a) . This minimizes the effect of feedback error on the measurements and is essential for accurate measurements in the vicinity of abrupt topography changes such as the right-angled convex corner of silicon. Recorded topography data are processed to remove artifacts and a trench profile is calculated: First, the effect of the sample tilt on the measurements is removed using a first-order plane fit algorithm. To do this, the top surface of the right-angled convex corner of silicon in the image (excluding the pit) is fit to a plane. Then, by subtracting this plane from the data, the data is leveled and a corrected image of the trench is obtained (Fig. 3b) . Next, the topography data over 40 adjacent scan lines are averaged, with the goal of reducing the noise due to surface roughness (improved signal-to-noise ratio). The averaging does not affect the oxide topography measurements, because in our samples the profile does not change along the range of the scan lines.
In order to compare the measurement results with the calculated profiles, we shift the AFM data to achieve a common reference for both data sets: First, the two data sets are aligned in the vertical direction such that the top surfaces of the trenches are level with each other. We only consider the data points that are at least 5 μm away from the right-angled convex corner of silicon and match the average height of these regions in simulation and AFM data. Second, the data sets are aligned in the lateral direction such that the location of the topography peaks in the vicinity of the trench edges match. In case there is no clear peak in the topography (e.g. 400 nm, 1100
• C), the trench edges in the data sets are used to align the two data sets in the lateral direction. Following the AFM measurements detailed above, the samples were annealed at 1100
• C for 24 hours in inert (Ar) atmosphere. The AFM measurements are then repeated on the annealed samples to investigate the effect of high-temperature annealing on the oxide surface topography. In addition, we analyze the oxide-silicon interface using another set of samples which have been prepared together with the original set. The oxide films on these samples are selectively removed using buffered oxide etch (BOE) with a short over-etching time, before identical AFM measurements are repeated on the exposed interface of silicon, i.e., the former oxide to silicon interface.
Results and Discussion
We simulate oxidation of a right-angled convex silicon corner in a wet ambient. In our simulations, we focus on oxide films less than 3 μm-thick and grown at temperatures between 800
• C and 1100
• C to cover a range of applications from semiconductor devices to MEMS structures. We calculate the oxide protrusion height, H (Fig. 1c) as a function of oxide film thickness at different temperatures (Fig. 4) . Our simulation results indicate that under certain conditions thermally grown oxide film is not flat and the protrusion can be as high as 30 nm (for 1.6 μm-thick oxide grown at 800
• C). Note that this protrusion is predicted by computer simulations based on the existing oxidation models.
The relationship between oxide protrusion height and the oxide film thickness is highly nonlinear (Fig. 4) . Moreover, the protrusion height-film thickness relation shows a similar trend at different oxidation temperatures of interest (800
• C-1100 • C): During the initial oxide growth, the protrusion height increases with the oxide film thickness in an approximately linear fashion. In this regime, the protrusion height equals to approximately 2% of the grown oxide film thickness irrespective of the oxidation temperature. Then, a peak protrusion height is reached and beyond this point, the protrusion height decreases with the oxide film thickness. Finally above a certain film thickness, the protrusion in the oxide disappears and the surface becomes flat. Further oxidation at this point does not create a protrusion but leads to reduction in the flat top surface due to increased rounding at the convex corner. This should be taken into account for applications that require direct wafer bonding.
Oxidation temperature is another parameter that affects the extent of protrusions of oxide films. Especially, between 900
• C, the protrusion properties differ significantly (Fig. 4) . The maximum protrusion height attainable in an oxide film decreases with oxidation temperature. In oxide films grown at lower temperatures, the protrusion height reaches its maximum value at a higher film thickness than in oxide films grown at higher temperatures. In addition, between 900
• C, the oxide film thickness at which the protrusion disappears decreases with temperature.
Our simulation results can be explained considering increased viscous flow of oxide films at higher oxidation temperatures. For example, the reduced protrusion height in the oxide films grown at high temperatures can be attributed to the reconfiguration of viscous oxide film to minimize the intrinsic stress due to nonuniform oxidation. Likewise, negligible viscous flow below the oxide glass transition temperature (960
• C) leads to similar protrusion properties in the oxide films grown at 800
• C and 900
• C.
Using simulations, we also investigate the effect of crystal orientation on the surface topography of oxide films and conclude that the change in protrusion height with the crystal direction is negligible (smaller than 3%) (Results not shown).
To quantitatively validate our simulations results, we experimentally investigate the topography of oxide films at right-angled convex corners using AFM. We compare topography measurements of the oxide surface and oxide-silicon interfaces of four oxidized trench samples (Table I) with corresponding simulation data showing the cross sections of right-angled convex corners oxidized under respective conditions for each sample (Fig. 5) . Measurement and simulation data are magnified in the vicinity of the convex corner to emphasize the nanoscale protrusions in the oxide film and the horns at the silicon interface. The AFM measurement and simulation data are overlaid using procedures described in Section 3. Slanted sidewalls in the topography measurements are AFM imaging artifact that occurs due to tip-shape convolution. This artifact however does not create a problem for the purposes of observing relatively smooth variations (e.g., nanoscale protrusions due to oxidation) on the surface.
Topography measurements indicate that the oxide film protrudes less when grown at higher temperatures (Fig. 5) . Furthermore, the measurements agree with the simulations in that the protrusion in the oxide film increases with oxide thickness at both 800
• C and 1100 • C as predicted by the simulations for oxide films thinner than 500 nm. However, oxidation at 800
• C leads to significantly higher protrusion height than predicted by the simulations, whereas oxidation at 1100
• C results in a smoother surface than what simulations predict. These suggest that the temperature dependent fitting parameter used in our simulations must be modified accordingly to account for the effects of oxide viscosity and stress in calculations.
There is a difference in the effect of oxidation temperature on the oxide surface and on the oxide-silicon interface: The oxide-silicon interface profile shape changes drastically depending on the oxidation temperature. Below oxide glass transition temperature, oxidation is retarded at the convex silicon corner and this leads to a horn in silicon (Figs. 5c and 5i) . Above oxide glass transition temperature, the silicon convex corner gets rounded (Figs. 5f and 5l ). These observations are in agreement with the literature.
1, 2 The oxide surface profile shape, on the other hand, does not differ significantly with the oxidation temperature. In all samples we studied, oxide has nanoscale protrusions and produces a similar surface profile although the protrusion height changes depending on the oxidation temperature (Figs. 5b, 5e , 5h, and 5k). Also, the topography variations due to these protrusions are smoother and are less localized than the variations due horns at the oxide-silicon interface.
We also investigate the effect of high-temperature inert-ambient annealing on the protrusions in oxide films. We compare AFM topography measurements on oxide surfaces of each sample in Fig. 5 before and after the annealing process at 1100
• C (Fig. 6 ). The results indicate that annealing of the oxide films at 1100
• C in general reduces the protrusion height (Fig. 6 ). This is expected since the viscosity of oxide decreases at higher temperatures and the protruded oxide film reflows to reduce the intrinsic stress in the film. The reduction in protrusion height is significant particularly in oxide films grown at lower temperatures since these films experience the highest change in viscosity due to annealing. For example, in samples oxidized at 800
• C, annealing reduces protrusion height close to a value that would be expected from a sample oxidized at 1100
• C (Figs. 6a  and 6c) .Also, the percentile reduction in protrusion in thin films is higher than that of thicker oxide films grown at the same temperature (Figs. 6a and 6b ). This is because the average growth rate is higher for thinner oxide films and there is less time for the film to relax during oxidation. As a result of these two factors, the smallest change in protrusion height occurs in thicker oxide films (e.g., 400 nm) grown at higher temperatures (e.g., 1100
• C) (Fig. 6d) .
Finally, note that the changes in oxide surface topography due to annealing do not necessarily imply similar changes in the profile of the oxide silicon interface. The annealing process alters the oxide surface topography primarily by enhancing viscous flow of the oxide film at 1100
• C, above its glass transition temperature. However, this temperature is well below the silicon melting point (1414
• C), therefore silicon migration is negligible during annealing. Furthermore, no silicon is consumed to chemical reactions due to inert annealing ambient. Rather, the main affect of annealing process is on the chemical bonding between the oxide and silicon. 22, 23 Therefore, even though the surface topographies of oxide films grown at different temperatures show a similar profile after high-temperature annealing (Figs. 6c  and 6d) , the topography of oxide-silicon interfaces (i.e., silicon horns at the corners) can remain significantly different (Figs. 5i and 5l) .
Conclusions
Theoretical and experimental investigation of the surface topography of thermally grown oxide films on right-angled convex corners show that under certain conditions the top oxide surface is not flat, but has small-scale protrusions close to the edges. The oxidation temperature and duration determines the extent of these protrusions and their effects can be understood by considering the stress in the oxide films and the effect of viscous flow. Our results show that the protrusions in an oxide film can be minimized by higher oxidation temperatures or subsequent annealing at a higher temperature together with judicious choice of oxide film thickness. We think that nonuniform oxidation of right-angled convex corners of silicon and its presented effects on the topography of top oxide surface in this work is of particular interest for applications such as 3D integration or MEMS fabrication processes that involve direct wafer bonding, in particular when densely patterned features are present.
